Wetting of a single hexagonal boron nitride sheet by liquid water has been investigated by molecular dynamics simulations within a temperature range between 278 and 373 K. The wetting temperature was found to be ∼310 K, while the onset of prewetting happens around the much higher temperature of 354 K. The static (hydrogen-bond populations, density profiles, energy per molecule) and dynamic (diffusion coefficients) properties of water in the stable phases in this temperature range were also studied and compared to those of water on graphene. The results indicate that hydrophobicity of boron nitride is milder than that of graphene.
I. INTRODUCTION
Wetting can be regarded as the phenomenon that consists in the process of formation of a thin layer of adsorbent over a surface that at lower temperatures stays clean. Upon an increase in the density at the top of the surface, a first-order phase transition is produced from a thin toward a thick layer of the same substance [1] [2] [3] . The temperature at which the thin layer starts to form is called the wetting temperature (T w ). At higher temperatures, we observe a different phenomenon: the difference in densities between the thin and thick layers decreases until it disappears at a temperature called the critical prewetting temperature (T pw ) [4, 5] . For T T pw there is a continuum layer formation upon an increase in density, instead of a first-order phase transition. An alternative way of viewing the wetting phenomena consists in monitoring the spreading of a single drop of liquid on the surface to form the thin layer described above through the variation of the contact angle of the water from a finite value to zero. The theoretical study of this phenomenon was pioneered by Young [6] , while the relationship between criticality and wetting transitions was explored by Nakanishi and Fisher [7] . Reviews about wetting on different surfaces can be found in Refs. [8] and [9] , among others.
Experimental evidence of wetting transitions started with simple gases such as hydrogen or helium located on alkali metal surfaces [10] [11] [12] [13] . Later, studies of Hg on sapphire [14] and on molybdenum and niobium cells [15] reported wetting and prewetting transitions as well. The presence of defects and impurities at the surface is unavoidable, producing important difficulties to measure contact angles and modifying the behavior of liquids at interfaces. In the case of water, the contact angle with graphite has been measured to be between 60
• and 90
• at room temperature [16] . On the other hand, theoretical works have extensively analyzed the behavior of water close to surfaces, with a particular relevance of water-carbon interactions [17] [18] [19] . Among them some papers * cgorbar@upo.es † jordi.marti@upc.edu evaluated the properties of water nearby boron nitride surfaces, such as nanotubes [20] or flat sheets [21] . The main aim of the present work is then to study the adsorption behavior of water on top of a single sheet of hexagonal boron nitride (h-BN), and from that, to derive its wetting and critical prewetting temperatures. In the rest of the paper, we will describe the model and methodologies employed in the simulations in Sec. II; the most important results about the wetting and prewetting transitions, together with additional information on dynamics of water, will be presented and discussed in Sec. III. Finally, we will briefly summarize the work in Sec. IV.
II. METHOD
We performed molecular dynamics calculations for a system that comprised a single h-BN sheet and a variable number of water molecules on top of it (from 50 to 1000), at temperatures ranging between 278 and 373 K. The B-N distance in this compound is similar but not identical to the C-C distance in graphene (1.44Å [22] instead of 1.42Å), so our simulation cell was slightly bigger than the one we used in a previous work where water on graphene was simulated [23] : current values of 35.40 × 35.04 × 100Å, instead of 34.4 × 34.1 × 100Å for the former. The length of the (normal to h-BN plane) Z axis of the box was enough to ensure that the application of periodic boundary conditions was not necessary for this coordinate. The BN layer was located at z = 0 and was kept frozen in all the calculations; i.e., the atoms on it were not allowed to move. A previous check on graphene [24] indicated that considering positional disorder did not change appreciably the adsorption properties of water. At each simulation, we kept constant the number of water molecules, the volume of the simulation cell, and the temperature.
As in previous works, water was modeled by a flexible simple point charge (SPC) potential [25] , and the water-BN interactions were considered to be of the Lennard-Jones type [17] . The B-and N-oxygen and hydrogen parameters were obtained from Lorentz-Berthelot rules, taking as a starting point the B-B and N-N parameters from Ref. [26] . The results were BO σ BO = 3.31Å, σ NO = 3.26Å, σ BH = 2.84Å, and σ NH = 25.03Å. These σ values were similar to those for the C-water interactions, but the ones are bigger by approximately 30% in the case of B-water interactions, and by 60% for the N-water ones. We considered all the individual B-water and N-water interactions for each water molecule and all the atoms in the h-BN sheet. However, in order to visualize the strength of B-N layer-water interaction, we show an averaged-over version of these potentials in Fig. 1 . The O-h-BN potential well considered in the present work is around 20% deeper than the one displayed in a previous simulation of a similar system [21] . This is probably due to the differences between the B-N distance used in that work (1.53Å) and the experimental one [22] of 1.44Å. This would account for most of the differences between the results of the present work and those reported in Ref. [21] .
To complete our description, we employed a leap-frog Verlet integration algorithm coupled to a thermal bath in order to solve the equations of motion [27] and an integration time step of 0.5 fs. The equilibrations ran for at least 100 ps, and the averages were calculated in runs of lengths between 125 and 250 ps. Further increasing the simulation time did not vary the averages of the properties we calculated.
To study the phenomena of wetting and prewetting we need to check the number of phases that are thermodynamically stable in a given temperature range, since the signature of wetting is the appearance of two stable phases of water on top of the considered surface. We did so by using the same technique already used in previous works for similar systems [23, 24, 28, 29] ; i.e., we proposed a reasonable expression for the water free energy as a function of density and temperature, F (ρ,T ):
and used the well-known relationship from thermodynamics
to obtain an expression for the energy depending on the same parameters than F (ρ,T ). Thus, we performed least-squares fits to the total energy (an observable obtained directly from our molecular dynamics simulations) to the expressions derived from Eq. (2), using coefficients and Eq. (1) to get F (ρ,T ).
III. RESULTS
We show in Fig. 2 the adsorption energy of water. The difference between the curves displayed is the temperature, which goes from 373 K (upper symbols) to 278 K (bottom ones). These were raw data used in the fits to obtain F (ρ,T ). We observe that in all cases there is a minimum for densities between 0.1 and 0.3Å −2 . As can be seen in Fig. 3 , this minimum is absent in the graphene-water curves. There the upper curve was taken from a simulation of water on graphene [23] and corresponds (as the h-BN one, full symbols), to a temperature of 298 K. The dashed line is the result of the fit of the simulation results to the energy functional of Eq. (2) for temperatures between 278 and 298 K. We observe that the increasing in the water layer parameters produces, in addition to the minimum, an increase in the absolute value of the adsorption energy. However, as the density increases, these curves tend to converge to a common value, which should be the one for bulk water. In fact, for the largest density shown, the energy difference is already less than 3%.
The least-squares fit of the three lower curves of though the fits were made starting at densities of 0.04 up to 0.82Å −2 (between 50 and 1000 water molecules in the simulation cell). The results indicate that the absolute minimum of the curve is at the lowest volume (inverse of the density) considered, indicating that in this temperature range, the bulk phase (ρ → ∞ in this scheme) will be always more stable than the adsorbed phase, represented by a local free-energy minimum at a volume equal to 2.74Å −2 . All this means that water will not wet h-BN in this temperature range, and if we put some water on top of the h-BN layer, one or several drops will be formed. Figure 5 gives the result of a similar fitting procedure for temperature ranges 310-323 K (full line), 335-348 K (dashed line), and 360-373 K (dotted line). Error estimates are in the same range as those in Fig. 4 . These curves represent the free energies for the intermediate temperatures 316.5, 341.5, and 366.5 K. What we observe is that the deep minimum at the lowest volume has disappeared, meaning that for T > 298 K, water prefers to be on top of the h-BN surface rather than in bulk. In addition, the curves for 316.5 and 341.5 K are not monotonous functions of the density, as happens with the temperature of 366.5 K. We can perform in both of them a Maxwell double-tangent construction to obtain two stable phases: a low-density one and a bulklike phase, for densities bigger than 0.7Å −2 . The densities of the thinner phases are 0.29Å −2 for 316.5 K and 0.31Å −2 for 341.5 K. This separation of phases is the signature of a wetting transition, with T w ∼ 310 K. This temperature is much lower than the one found in Ref. [21] , where a value of 438 ± 5 K was reported. As indicated before, this difference is due to the effective water-layer interaction, much deeper in the present work, due basically to the differences in the B-N distance, which decreases the adsorption energy of a single molecule from the 7.35 kJ/mol of Ref. [21] to the 9.1 kJ/mol of the present work. The effect of lowering the wetting temperature as the depth of the potential well increases was already reported in Ref. [19] . The rise in the adsorbate-surface interaction energy decreases the contact angle of the liquid on top of the solid (see, for instance, calculations for water on graphene in Ref. [19] for different graphene water potentials), which means that it is easier to reach the point at which the contact angle is 0
• (perfect wetting), decreasing the wetting temperature. The isotherm at 366.5 K (dotted line in Fig. 5 ) is a convex function of the inverse of the volume, indicating that in the temperature range from which it has been obtained (360-373 K), the width of the water layer increases regularly upon an increase in the density, with no phase transition at any point. This is the characteristic of a prewetting transition, and since the form of the curve is similar for 360 K, we can say that the critical prewetting temperature is T pw ∼354 ± 6 K (average between the highest temperature of the previous isotherm and 360 K). It should be noted that usually T w and T pw are connected by a continuous prewetting line [30] . Density profiles of water on top of h-BN at two densities (0.29, 0.7Å −2 ) at 323 K are reported in Fig. 6 and compared with those of water on graphene at the highest density and the same temperature. Basically, what we see is that water behaves similarly when close to the surface in all cases. The only difference is that the heights of the peaks are biggest for water at h-BN, which indicates a less marked hydrophobic characteristics of this surface, when compared to a carbonbased one. The other noticeable difference concerns the length of the bulklike region of density 1 g/cm 3 , which for water on graphene is somewhat longer than for water on h-BN, due precisely to the biggest peaks close to the surface.
The form of these density distributions is closely related to the percentages of hydrogen-bonded molecules (HB) as a function of the distance from the surface displayed in Fig. 7 . Our definition of a HB is the same as in previous works [17, 31, 32] and is based on geometrical criteria. So two water molecules are forming a HB when (1) the oxygen-oxygen distance is smaller than 3.6Å, (2) the distance between the "acceptor" oxygen and the "donor" hydrogen is smaller than 2.4Å, and (3) the H-O· · ·O angle is smaller than 30
• . These conditions ensure a linear HB.
In the case of water close to h-BN at 323 K and density of 0.7Å −2 (Fig. 7) the amount of water molecules forming one or zero HBs is highest at the water-vacuum interface, as FIG. 7 . Percentage of molecules with a n H hydrogen bonds as a function of the distance to the h-BN layer at 323 K and 0.7Å −2 .
expected. Interestingly, the case n H = 2 shows a maximum for z = 25Å, and its amount is bigger than 10% at any point of the system, whereas for n H = 3 we obtained important percentages over 35% in the bulklike region and even larger at the water-wall interface, as corresponds to water molecules with an OH pointing to the surface of the h-BN, something already reported for graphene [23] . Finally, the largest amounts of water forming four or five HBs are located at the central, bulklike region and are much lower at the water-BN interface. Our results are in good qualitative agreement with those of Dutta et al. [21] obtained with a similar model but different parameterization. Some aspects of water dynamics have been also investigated. In particular, we obtained the self-diffusion coefficients D through the slopes of the mean-square displacements of water molecules as a function of time; the results are reported in Table I .
We observe a quasimonotonic behavior for the two densities chosen: Generally, water diffusion rises with temperature (in a similar fashion as it happens in the bulk unconstrained system [33] ) including some fluctuations, noticeably at the low density of 0.29Å −2 . This result is essentially in good agreement with the findings of water adsorbed in graphite [34] , indicating that water diffusion is not significantly influenced by the larger depth of the potential well in the present case. 
IV. CONCLUDING REMARKS
The wetting behavior of water on top of a h-BN sheet has been investigated by molecular dynamics simulations. Waterwater interactions were modeled by a flexible SPC potential, whereas Lennard-Jones forces were responsible for modeling the forces between water and the BN surface. From the analysis of the phase diagram, we obtained that a wetting transition occurred at T w ∼ 310 K and that critical prewetting would happen at T pw ∼ 354 ± 6 K. The method employed to locate the wetting temperature is different from others described at the literature, based on the calculation of chemical potentials or on the determination of spreading coefficients [35] , which require the knowledge of an interfacial probability distribution, not reported in the present work. However, we believe that the results obtained in the present work are meaningful and fully equivalent to those that could be obtained with the methods indicated above. Structural properties of such density profiles and the number of hydrogen bonds are qualitatively similar to those of water on graphene [23] .
